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Abstract
Dark matter particles scattering off target nuclei are expected to deposit very small energies in form of nuclear recoils (below
100 keV). Because of the low scintillation efficiency for nuclear recoils as compared to electron recoils, in most of the scintillating
targets considered in the search for dark matter, the region below 10 keVee (electron equivalent energy) concentrates most of the
expected dark matter signal. For this reason, very low energy threshold (at or below 2 keVee) and very low background are required
to be competitive in the search for dark matter with such detection technique. This is the case of ANAIS (Annual modulation
with NaI Scintillators), which is an experiment to be carried out at the Canfranc Underground Laboratory. A good knowledge
of the detector response function for real scintillation events in the active volume, a good characterization of other anomalous or
noise event populations contributing in that energy range, and the development of convenient filtering procedures for the latter are
mandatory in order to achieve the required low background at such a low energy. In this work we present the characteristics of
different types of events observed in large size NaI(Tl) detectors, and the event-type identification techniques developed. Such
techniques allow distinguishing among events associated with bulk NaI scintillation, and events related to muon interactions in the
detectors or shielding, photomultiplier origin events, and analysis event fakes. We describe the specific protocols developed to build
bulk scintillation events spectra from the raw data and we apply them to data obtained with one of the ANAIS prototypes, ANAIS-0.
Nuclear recoil type events were also explored using data from a neutron calibration; however pulse shape cuts were found not to
be effective to discriminate them from electron recoil events. The effect of the filtering procedures developed in this nuclear recoils
population has been analyzed in order to properly correct cut efficiencies in dark matter analysis.
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1. Introduction
The annual modulation in the detection rates could be an ev-
idence for the presence of galactic dark matter energy deposi-
tions even in the presence of other backgrounds [1]. The search
for such an effect is of utmost interest specially in the case of
using NaI(Tl) as a target because of the DAMA/LIBRA positive
result: a modulation compatible with that expected for galactic
halo WIMPs has been reported after 14 cycles of measurement
with 9.3σ statistical significance (combining the results with
the previous phase of the experiment, DAMA/NaI) [2, 3, 4].
Other experiments with gamma background rejection have ob-
tained negative results (some of the most recent and significant
negative results can be found in [5, 6, 7, 8, 9, 10, 11, 12, 13]).
Recently, CoGeNT experiment has reported the presence of an
annual modulation in the event rate [14, 15] that could have
its origin in galactic WIMPs (although different analyses re-
sult in contradictory conclusions [16, 17, 18]), while the dark
matter hints reported by CDMS-Si [19] and CRESST [20] ex-
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periments are more likely attributable to unaccounted for back-
grounds [21].
The difficulty in finding dark matter candidates able to ex-
plain all the present experimental results [22, 23, 24, 25, 26, 27],
the dependence on the halo and WIMP models considered to
compare different targets [28, 29, 30, 31, 32, 33], the par-
tial understanding of the experimental backgrounds at low en-
ergy [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44], and the uncer-
tainties in the recoil energy calibration [45, 46, 47] which affect
the interpretation of most of the available results, make highly
interesting confirming the DAMA/LIBRA annual modulation
observation in a model independent way. This is the goal of
the ANAIS experiment, as well as other experimental efforts as
DM-Ice [48] and KIMS [49]. The ANAIS project is intended
to search for dark matter annual modulation with 250 kg of ul-
trapure NaI(Tl) scintillators at the Canfranc Underground Lab-
oratory (LSC) [50, 51, 52] in Spain. To be successful ANAIS
would require a background rate at or below 2 cpd/keV/kg for a
2 keVee (electron equivalent energy) threshold, and very stable
working conditions. Several prototypes have been operated in
order to demonstrate the detectors performance, remaining as
main challenge the achievement of radiopure enough NaI(Tl)
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crystals [53]. In this work, we present a thorough description
of the event selection procedures applied to the ANAIS-0 mod-
ule, a 9.6 kg NaI(Tl) crystal grown by Saint Gobain and sim-
ilar in shape to those made for DAMA/LIBRA. In the event
selection procedure based on scintillation time constants, scin-
tillation pulses coming from a neutron calibration performed
with a different NaI(Tl) crystal have been used in order to cor-
rect the calculated efficiencies obtained from gamma calibra-
tion, accounting for the slight difference in scintillation decay
time [54]. Presently, two prototypes built in collaboration with
Alpha Spectra Inc., Colorado, US, grown with potassium ra-
diopure NaI powder and having 12.5 kg mass each, are taking
data at LSC for a general performance and background assess-
ment in the ANAIS-25 setup. All the developed protocols for
filtering of real bulk scintillation events in the crystals detailed
in this paper are being adapted and applied to the Alpha Spectra
crystals data.
In section 2 the ANAIS-0 module and the experimental set-
up will be described. In section 3 the energy calibration of
ANAIS-0 at very low energy will be presented. The trigger
efficiency will be studied in section 4. The procedure followed
to select the bulk NaI scintillation events at low energy will be
described in section 5. Finally, the application of such a proce-
dure to neutron calibration data will be presented in section 6.
2. Description of ANAIS-0 module and experimental set-up
at LSC
The detector studied throughout this work consists of a 9.6 kg
ultrapure NaI(Tl) crystal, 4” x 4” x 10”, made by Saint-Gobain
(see Figure 1). The crystal was encapsulated in ETP (Elec-
trolytic Tough Pitch) copper, closing tightly the detector, and
using two synthetic quartz windows to get the light out to the
photomultiplier tubes (PMTs). A Teflon sheet acts as a dif-
fuser and a VikuitiTM reflector layer wraps the crystal to in-
crease light collection efficiency. This design allowed the test-
ing of PMTs and light guides in different configurations, as de-
scribed in [51], although in this work we will focus on results
obtained without light guides and no further reference to them
will be done in the following. The crystal was encapsulated
at the University of Zaragoza and the coupling of the PMTs
to the quartz windows was done later at the LSC. Low back-
ground Hamamatsu PMTs of two different models, R11065SEL
and R6956MOD, have been used in this work, corresponding to
data sets A and B respectively (see Table 1). According to the
manufacturer, for both PMT models the maximum spectral re-
sponse should be found at 420 nm wavelength, matching prop-
erly the emission of NaI(Tl), and being the respective spectral
sensitivity ranges from 200 to 650 nm (R11065SEL) and from
300 to 650 nm (R6956MOD). Nominal quantum efficiencies at
420 nm are 29% and 33% for the R11065SEL, and 34% and
35% for the R6956MOD PMT units used in this work (given
by provider). Radioactivity screening of the PMTs was done
at the HPGe test bench at the LSC. Results for the measured
activities corresponding to the identified radioisotopes can be
found in [55], and are significantly lower (about a factor of 3)
for the R11065SEL model than for the R6956MOD model. An
aluminized Mylar window, 20 µm thick and 10 mm in diame-
ter, in the middle of one of the lateral crystal faces allows for
external calibration at very low energies (see Figure 1).
Figure 1: Picture of ANAIS-0 module consisting of a 9.6 kg ultrapure NaI(Tl)
crystal encapsulated in ETP copper and coupled to two PMTs. The Mylar
window for low-energy calibration can be observed.
Table 1: Available live time (LT), PMT model, and digitizer used for the data
sets used throughout this work.
Data set PMT model Digitizer LT (days)
A R11065SEL Tektronix scope 126.3
B R6956MOD MATACQ card 31.9
ANAIS-0 module was designed to characterize and under-
stand ANAIS background at low energy, optimize NaI scintil-
lation events selection, fix the calibration method, and test the
electronics while new more radiopure detectors are in prepa-
ration for a 250 kg detection mass experiment. ANAIS-0 was
operated at the new LSC facilities, under a rock overburden
of 2450 m.w.e. Underground operation at such a depth guar-
antees a significant cosmic ray suppression; measured muon
flux at LSC is of the order of 10−7 cm−2s−1 [56, 57]. ANAIS-0
experimental layout at LSC (see Figure 2) consisted in a pas-
sive shielding made of 10 cm archaeological lead plus 20 cm
low activity lead, all enclosed in a PVC box tightly closed and
continuously flushed with boil-off nitrogen, and active vetoes
mounted on top of the shielding to reject coincident events in
ANAIS-0 module.
Concerning the data readout, a simplified diagram of the
electronic chain is shown in Figure 3. Each PMT charge output
signal is separately processed: it is divided into a trigger sig-
nal, a conveniently amplified signal going to the digitizer, and
three signals differently amplified or even attenuated and fed
into QDC (charge-to-digital converter) module channels to be
integrated in a 1 µs window. Triggering is done by the coinci-
dence (logical AND) of the two PMT signals at photoelectron
level in a 200 ns window enabling digitization and conversion
of the two signals. The building of the spectra is done by soft-
ware (off-line) by adding the signals from both PMTs. Energy
spectra are obtained from the QDCs in three different gain win-
dows chosen to match a low, a high, and a very high energy
ranges: the first one covers from threshold up to 200 keV, the
second up to about 6 MeV, and the latter up to about 40 MeV.
In this work only the low energy range will be used. In order
to obtain all the information from the shape of the pulse, each
PMT signal is separately digitized.
In between the data taking corresponding to sets A and B
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Figure 2: ANAIS-0 experimental layout at the new LSC facilities. The shielding
consists of 10 cm archaeological lead plus 20 cm low activity lead, all enclosed
in a PVC box tightly closed and continuously flushed with boil-off nitrogen.
Active vetoes are mounted on top of the shielding to reject coincident events in
ANAIS-0.
(see Table 1), the electronic chain was upgraded to a combi-
nation of VME and NIM electronics, the pulse digitizer was
changed from a Tektronix scope (TDS5034) to a MATACQ
(CAEN V1729) card, and a new acquisition and analysis soft-
ware was developed [58]. One of the most important pieces
of the electronic chain is the digitizer. The Tektronix scope
presents a bandwidth of 350 MHz, a sampling rate up to 5 GS/s
with 8 bits of resolution and adjustable dynamic range, and
record length from 500 to 8×106. A choice of 0.8 ns/point sam-
pling was done for the ANAIS-0 data set A. The MATACQ card
presents a bandwidth of 300 MHz, a sampling rate of 2 GS/s
corresponding to 0.5 ns/point, 2520 record length, and a dy-
namic range of 1 V with 12 bits of resolution.
A detailed background study of ANAIS-0 module in the dif-
ferent configurations tested has been published in [51]. The
most significant contribution to the background at low and
high energy comes from 40K distributed in the bulk of the
sodium iodide crystal corresponding to a specific activity of
12.7± 0.5 mBq/kg [59], too high to allow fulfilling the back-
ground goals of ANAIS experiment. However, this contamina-
tion has shown to be very useful for the characterization of the
detector response in the very low energy regime, providing a
population of bulk scintillation events at 3.2 keV tagged by the
coincidence with a high energy gamma (see section 3).
3. Energy calibration of ANAIS-0 at very low energy
The dark matter signal in NaI is expected below 10 keVee;
hence, a very good knowledge of the detector response at
very low energies is mandatory, requiring powerful noise re-
jection protocols and reliable low energy calibration. For both
purposes, reference populations of scintillation events at low
energy are required. To allow that very low energy X and
gamma ray emissions from external radioactive sources reach
Figure 3: Simplified electronic chain diagram. Each PMT charge output signal
is divided into a trigger signal, a signal going to the digitizer (MATACQ card
in this case), and three signals differently attenuated and fed into QDC module
channels to be integrated. Triggering is done by a logical AND of the two PMT
signals enabling digitization and conversion of both separately.
the crystal, a calibration window was included in the design of
the ANAIS-0 module encapsulation (see Figure 1). The ex-
ternal gamma calibration sources used are: 55Fe (6.0 keV1),
109Cd (22.6 keV1 and 88.0 keV), 57Co (6.4 keV1, 14.4 keV and
122.1 keV), and 133Ba (31.7 keV1 and 81.0 keV) [60]. However,
the less the energy of the radiation, the less representative is the
event for a bulk energy deposition being eventually affected by
superficial effects in the light emission and collection. Then, in
order to dispose of a population of events in the bulk at very low
energy, the 40K internal contamination is very useful: 3.2 keV
energy depositions are obtained after K-shell EC in 40K in those
cases the 1460.8 keV gamma escapes completely from the de-
tector active volume; a fraction of such events can be effectively
tagged by selecting coincidences with a 1460.8 keV energy de-
position in a second detector. A dedicated set-up was specially
designed and operated at LSC with such a goal: ANAIS-0
module and a second large NaI(Tl) detector (10.7 kg) named
as prototype (PIII), and described in [59, 55] were placed in-
side the same shielding, at a distance of 13 mm between the
corresponding copper housings. This measurement was done
right after the measurements corresponding to data set B, un-
der similar experimental conditions: in particular, same light
collection efficiency than that corresponding to data set B was
checked (see section 5). This set-up allowed to determine the
40K bulk content in both crystals and to select a population of
3.2 keV events [59]. In Figure 4.a and b are shown, respec-
tively, the high energy spectrum of PIII and the ANAIS-0 low
energy events selected by the coincidence with the 1460.8 keV
gamma line in PIII in a 1σ window, shown in red in Figure 4.a.
This event population will be used for energy calibration in this
section, and for other purposes in next sections.
1 X-ray energies averages have been calculated according to the relative in-
tensities given in [60], as NaI(Tl) resolution prevents from distinguishing them
individually.
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(a)
(b)
Figure 4: (a) High energy spectrum of the 10.7 kg detector showing in red the
1σ window around the 1460.8 keV line used for the coincidence. (b) Energy
distribution of the ANAIS-0 events selected by the coincidence with the high
energy window in the 10.7 kg crystal, shown in (a).
One of the most important issues for ANAIS is to guaran-
tee a good energy calibration at the lowest energies, down to
the threshold. A linear fit energy vs QDC channel using all the
available lines below 150 keV during the 40K dedicated set-up
is shown in Figure 5.a together with the corresponding resid-
uals. It has to be remarked that residuals at 6.4 and 6.0 keV
are much larger (and both positive) considering them in percent
than those corresponding to other lines. Non-proportionality in
the scintillation yield with respect to the deposited energy has
been observed in inorganic scintillators [61, 62]. In particular,
in NaI(Tl) scintillators some non-linear effects are expected at
the K-shell Iodine binding energy (33.2 keV). This fact has been
observed experimentally [62, 63, 64, 65, 66], but at a level of
only 5% in the amplitude response. Similarly, at around 5 keV
(L-shell Iodine binding energy) the same effect is expected, as
it has been observed in Refs. [66, 67]. Nevertheless, the re-
ported non-linearity cannot explain such a large effect as that
seen in Figure 5.b: 6.0 keV line appears with an effective en-
ergy of 4.2 keV and 6.4 keV line with 4.8 keV. However, this
effect could be due to the very low penetration depth of that ra-
diation in the crystal that could reduce the light collected with
respect to the same energy deposition for bulk events, as those
from 40K. It is worth mentioning that the mean free path of a
6 keV photon in NaI(Tl) is 5.1 µm, whereas for a 15 keV pho-
ton is 0.06 mm. This hypothesis is supported by similar results
obtained by several groups working with large size NaI(Tl) de-
tectors and aiming at the detection of dark matter, that have
observed good linearity at low energies, but reductions in the
response to 6.0 keV energy X-rays from an external source that
were attributed to superficial effects [68, 69]. In Ref. [69] a
Compton scattering experiment was designed in order to ob-
tain a volume-distributed low-energy population whose results
supported such assumption.
(a)
(b)
(c)
Figure 5: (a) Energy versus QDC channel linear fit and corresponding residu-
als using all the available lines below 150 keV. 6.0 keV and 6.4 keV lines from
external origin could be strongly affected by superficial effects, and are not
used in the fit shown in (b); they are marked in red. (c) Calibration chosen for
the low energy region in data set A using only 3.2 keV, 14.4 keV and 22.6 keV
lines trying to minimize possible non-linear effects in the detector response in
the dark matter relevant region of interest.
Hence, we removed both lines from the calibration proce-
dure, obtaining the fit shown in Figure 5.b. Finally, as the
dark matter region of interest in NaI(Tl) scintillators is below
10 keVee, it was decided to calibrate the low energy range us-
ing only 3.2 keV, 14.4 keV and 22.6 keV lines trying to min-
imize possible non-linear effects in the detector response. In
Figure 5.c are shown the linear fit and residuals corresponding
to the low energy calibration for data set A (similar calibration
has been applied to data set B). Then, 0.5 keV can be taken as
a reasonable estimate of the systematic error of our low energy
calibration in the dark matter region of interest.
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4. Trigger efficiency estimate
Lowering the threshold as much as possible is mandatory in
any experiment devoted to the direct search for dark matter.
The lowest achievable threshold in a scintillation experiment
implies, as first step, to trigger at single photoelectron (phe)
level in each PMT signal. We have studied the trigger level
in ANAIS-0 by two different methods: first, the distribution
of amplitude of the Single Electron Response (SER) is com-
pared to the amplitude of a single peak (at the trigger position),
and second, the 3.2 keV events population selected by the co-
incidence has been profited to study how many of them trigger
effectively our acquisition.
Profiting from the high sampling rate of the digitized data,
the discrete arrival of the scintillation photons to the PMT pho-
tocathode can be distinguished at low energies. An algorithm
that determines the number of peaks in the pulse has been devel-
oped. It is based on the TSpectrum ROOT class and the Search
method [70]. Peaks are considered gaussian with a minimum
height and width, which are selected specifically for every data
set, as the SER depends on the PMT model. By choosing these
parameters according to the SER of the PMT, peaks are found,
counted and their positions saved. In Figure 6, a low energy
pulse is shown and the peaks identified by the algorithm are
marked. It is worth noting that this algorithm can only be ap-
plied to events with a low number of phe, otherwise the num-
ber of peaks would underestimate the number of phe, since the
probability of two phe overlapped is not negligible.
Figure 6: Low energy pulse (from the population of 3.2 keV events after 40K
decay, selected by coincidence) showing peaks identified by the peak search
algorithm. They are counted independently for each PMT signal and their po-
sitions saved. The pulse shown corresponds to data set B (data taken with the
MATACQ).
The SER parameters (amplitude, area, etc.) are determined
from a population of single photoelectron peaks built by se-
lecting the last identified peak by this algorithm in pulses hav-
ing a low number of peaks. As far as only peaks found in the
last part of the pulse are used to build the SER, bias related to
effective trigger efficiency is avoided. Figure 7 compares the
amplitude distribution of the SER and that corresponding to a
single peak (responsible of the trigger) for pulses having only
one peak per PMT. The SER amplitude spectra have been gaus-
sian fitted: mean values and standard deviations are shown in
Table 2. Full trigger at photoelectron level has been achieved
in data set A, as it can be observed in Figure 7: single peak
amplitude distribution follows quite well the SER distribution
plus a baseline noise component also triggering the acquisition;
on the other hand, an effective trigger threshold at 12 mV is ob-
served in data set B. In this case, by comparing such effective
trigger threshold with the mean value and standard deviation
of the SER amplitude distribution gaussian fit, the percent of
the SER distribution effectively triggering is calculated (see Ta-
ble 2). As a conclusion, full trigger at phe level was achieved
in data set A, whereas trigger at or above 50% phe level can be
reported for data set B.
(a)
(b)
Figure 7: SER (black) and single peak amplitude (blue) distribution for data
sets A and B. Different PMT models have been used in each data set.
Data set Signal µS ER σS ER Eff.
mV mV %
A PMT 0 20 ± 1 7.3 ± 0.1 100
PMT 1 23 ± 1 8.0 ± 0.1 100
B PMT 0 12 ± 1 5.9 ± 0.1 50
PMT 1 16 ± 1 11 ± 1 65
Table 2: Mean photoelectron amplitude (µS ER), standard deviation (σS ER),
together with the percent of the photoelectron distribution effectively triggering
every PMT signal channel (see text for details). Data are shown for data sets A
and B. If the existence of an unphysical region of negative amplitudes is taken
into account, recalculated triggering efficiencies are 60% (data set A) and 70%
(data set B).
In the case of data set A, for which a lower light collec-
tion was obtained (∼2.7 phe/keV/PMT [55]), the influence of
the coincidence window width on the trigger efficiency can-
not be neglected. Monte Carlo simulation of the phe arrival
at every PMT for a given energy deposition, supposing for bulk
NaI scintillation events phe are distributed following an expo-
nential decay with τ= 230 ns and the reported light collection
efficiencies. The results for a 200 ns coincidence window indi-
cate an efficiency of 97% in the 2-3 keV energy bin and 100%
above 3 keV. In the case of data set B, with a light collection of
∼3.7 phe/keV/PMT [55], the coincidence window width effect
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on the trigger efficiency is negligible above 2 keV.
In order to quantify the trigger efficiency at threshold in a
direct way, we profit from the availability of the selected popu-
lation of 3.2 keV presented in the previous section. The trigger
configuration of every event is defined in a 1 µs coincidence
time window and described with the T variable: T = 1, if only
ANAIS-0 triggered; T = 2, if only PIII triggered; and T = 3 if
both detectors triggered. In Figure 8 spectra of the ANAIS-0
module in coincidence with the 1460.8 keV line in the PIII are
shown. No events with T = 1 are found in this population be-
cause the imposition of the coincidence implies that PIII always
triggers. Events in the peak at 3.2 keV (those above 1.5 keV in
Figure 8) triggered with almost full efficiency (98%), support-
ing a very high trigger efficiency at or even below 2 keVee. We
derive this efficiency as the fraction of events above 1.5 keV
and below 6 keV triggering the ANAIS-0 module from the total
of events in the same energy region selected by the high energy
window (around 40K gamma) in the PIII module. In conclusion,
very high trigger efficiency above 2 keVee has been achieved
with ANAIS-0 prototype and full trigger at photoelectron level
has shown to be achievable, fulfilling the goal of ANAIS exper-
iment.
Figure 8: Low energy spectra of ANAIS-0 selected by the coincidence with
the 1460.8 keV gamma line in the PIII considering T variable. All events (in
black), events having T = 3 (in red) and T = 2 (in blue) are shown. See text for
explanation of the variable T.
5. Bulk NaI scintillation low energy events selection
Below 10 keVee, raw data from NaI scintillator detectors are
dominated by events other than those from scintillation in the
bulk, having mainly their origin in the PMTs. Strong rejec-
tion of such kind of events is required, see Figure 9, in order
to reduce the effective energy threshold down to 2 keVee. Dark
matter particles are expected to interact in our detector by elas-
tic scattering off Na and I nuclei. Hence, the energy is deposited
through the interaction of the corresponding recoiling nucleus
in the crystal. Dark matter events are expected to be very similar
to those produced by neutrons, and to share some features with
those having beta/gamma origin; the last two can be produced
using calibration sources in order to have reference populations
that allow a good NaI(Tl) bulk scintillation event characteriza-
tion. All the events populations non attributable to dark matter
interactions should be conveniently filtered. This implies to re-
move from raw data those events correlated with muon interac-
tions in the vetoes, coincidences between two or more modules,
events accumulated in short time periods, and events showing
anomalous scintillation time constants in the pulse shape.
The goal is to find a compromise between a high acceptance
of bulk NaI scintillation events and low contribution of other
spurious events, not rejected by the filtering. This filtering pro-
cedure implies in some cases an effective reduction in the ac-
quisition live time, while in others the efficiency of the selection
filter to preserve the bulk scintillation events in NaI(Tl) active
volume has to be estimated by studying reference populations,
specially at very low energies. 57Co, 109Cd, and 133Ba calibra-
tion data and the 3.2 keV events following 40K decay in the bulk
have been used for that purpose, whereas 252Cf calibration data
will be analyzed in section 6.
We describe below in detail the filtering procedure followed
with ANAIS-0 data. Table 3 shows the efficiency factor con-
sidered, as well as the available live time, before and after the
application of each filtering procedure to the two data sets con-
sidered in this work. All the filters have been applied consecu-
tively and in the order presented in the text to every data set.
Table 3: Efficiency correction factor (Eff.) considered and live time (LT) re-
maining after the application of the different filters described in the text to the
two data sets considered in this work. (∗) In filter 3, the efficiency is 100%
above 4 keV in both data sets, we indicate in this table the lower value of such
efficiency (that corresponding to the 2-3 keV energy bin), see text for details;
in filter 4, two different acceptance criteria have been used, and in the second
case the efficiency is energy dependent (see text and Figure 16 for details).
Filter Data set A Data set B
Eff. LT (s) Eff. LT (s)
Raw - 10649269 - 2755985
1 100% 10648800 100% 2755660
2 100% 10648800 99.8% 2755660
3 >78% (∗) 10648800 >95% (∗) 2755660
4 97.7%/(∗) 10648800 97.7%/(∗) 2755660
Figure 9: Spectra of the raw events for data set A (black) and B (blue). The high
increase of events rate below 20 keV, clearly dependent on the PMT model, is
attributed to PMT origin events.
1. Muon related events. Active plastic scintillator vetoes
were installed on top of the ANAIS-0 shielding to reject
the residual cosmic muon flux contribution to the back-
ground of ANAIS, and also to monitor the muon rate in
the laboratory at the shielding position in order to evaluate
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any possible seasonal variation. A good comprehension
of the muon related events in the ANAIS experiment is
required because the annual modulation in the muon rate
is well known [71, 72, 73], and it should be discarded as
responsible of any modulation observed in the very low
energy events rate. This issue has been discussed in the
frame of the DAMA/LIBRA experiment [36, 37, 42, 43],
and is even more important for the ANAIS experiment be-
cause residual muon flux at LSC is about one order of
magnitude larger than at Gran Sasso Laboratory, given
the smaller rock overburden. Muon coincident events in
ANAIS-0 have been identified using the time after the last
muon event in the plastic scintillators: a counter is reset
by any event triggering one (or more) of the active ve-
toes; the value of this counter is read and associated to
every event in the NaI(Tl) detector. Events coincident
in a 20 µs window with a signal in the muon vetoes are
rejected off-line. As the ANAIS-0 acquisition rate was
∼1 Hz, and muon coincident events rate during data set A
was 43.43± 0.05 cpd, neither live time nor efficiency cor-
rections are required.
However, muons can produce other kind of events, non-
coincident with the veto signals, as delayed neutrons. Fur-
thermore, when a very high energetic particle interacts in
the ANAIS-0 module, photons emitted in the tail of the
pulse, up to hundreds of ms after the pulse onset, are able
to trigger again the acquisition because of the very slow
NaI(Tl) scintillation evidenced in [74] and the setting of
the trigger at photoelectron level. We observed a clear in-
crease in the total acquisition rate after every very high en-
ergy deposition event (see Figure 10), many (but not all) of
them could be identified by the coincidence with a signal
in the muon veto scintillator because of the partial cover-
age. For that reason, in data set A all the events trigger-
ing during 0.5 s after a high energy event (over 9 MeVee
to guarantee to be well above the usual alpha and gamma
backgrounds) are rejected and the corresponding live time
deducted. Nevertheless, in data set B, because PMT sig-
nals saturated at energies much below 9 MeVee, it was de-
cided to reject 0.5 s after the arrival of a muon at the plas-
tic vetoes (conservative approach). The same criterion was
also applied to data set A to verify its compatibility. Spec-
tra of events rejected in both data sets are shown in Fig-
ure 11. Rates of events rejected by this filter in the 2-20
keV region are 4.39 cpd/kg and 8.65 cpd/kg for data sets A
and B, respectively. Main difference between both spec-
tra is found in the 2-6 keV region, and can be explained
by considering the different characteristics of PMT mod-
els used in each data set: quantum efficiencies are different
and PMT body consists of Kovar metal in data set A and
glass in data set B, allowing in the latter for the production
of Cerenkov radiation in the PMT itself after a direct muon
interaction.
2. Events having an anomalous baseline estimate. The
baseline or DC-level is calculated for every event pulse by
averaging the first points of the pretrigger region, clearly
before the pulse onset. If a photon arrives in the pretrig-
(a)
(b)
Figure 10: ANAIS-0 module total trigger rate (in blue) along a week (a), and
10 s zoom (b). In red, very high energy events (above 9 MeVee) are marked. It
can be observed the clear correlation between these events (mostly attributable
to muon interactions in the NaI(Tl) crystal) and the increase in the trigger rate.
ger region, neither the baseline will be properly calculated,
nor other related pulse parameters. These events are eas-
ily identified by their anomalous low baseline level and
they will not be considered for the analysis, see Figure 12.
They can be attributed to tails of pulses which arrived dur-
ing the DAQ rearm time after a previous event, or PMT
dark current photoelectrons. During data set A, the base-
line was calculated with 100 points (80 ns) whereas dur-
ing data set B, after the electronic chain upgrade, with
500 points (250 ns); hence, more events are rejected by
this filter in data set B. In addition, R6956MOD PMTs
(used in data set B) present a higher dark current rate than
R11065SEL PMTs (used in data set A) leading also to re-
ject more events by this filter. A 99.8% of the events above
2 keV pass the filter in data set B, and a 100% in data set A,
indicating that our filtering is not removing significantly
events above our threshold (see later). These numbers can
be considered as the efficiency of the cut in a conservative
way. Although they represent a small percentage of the to-
tal number of events, work is in progress to recalculate the
baseline for these events, and this filter could be avoided
in the future.
3. Events having a very low number of peaks. We re-
ject events having ≤3 peaks in any of the PMTs, apply-
ing the algorithm that determines the number of peaks in
the pulse described in section 4. According to the light
yield measurements, 5.34± 0.05 phe/keV in data set A and
7.38 ± 0.07 phe/keV in data set B [55], this implies an ef-
fective analysis threshold below 2 keVee. This filter allows
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Figure 11: Low energy spectra of the muon related events rejected for data set
A (black) and B (blue). Muon related events that would be rejected for data set
A using the criterion applied in data set B are shown in red. See text for details.
to reject events triggering due to a chance coincidence be-
tween uncorrelated photoelectrons in both PMTs (directly
related to their respective dark currents), or events having
their origin in the PMTs due to its own radioactivity (pos-
sible Cerenkov light emission in the PMT glass, for in-
stance) that are expected to produce a signal very similar
to SER, except in amplitude/area. The effect of this fil-
ter in data of a 57Co calibration is shown in Figure 13 for
data sets A and B. This filter is mostly removing events
below 2 keVee, and 6.4 and 14.4 keV lines are not affected
by this filter at all. Same conclusion can be drawn from
the 40K selected population at 3.2 keV, as it can be seen in
Figure 13.c. We have estimated the efficiency of this cut
assuming Poisson distribution of the number of phe ac-
cording to the light collection measurements. In data set
A, a 78% efficiency in the 2-3 keVee energy region is de-
rived, a 96% in the 3-4 keVee region, and a 100% above
4 keVee. In data set B, a 95% efficiency in the 2-3 keVee
energy region is derived, and a 100% acceptance above
3 keVee for bulk scintillation events. This cut efficiency
has been also estimated with the 3.2 keV population com-
ing from 40K decay (described in section 3), resulting a
slightly higher value than the previously reported. In the
following we apply the efficiencies derived by assuming
Poisson distribution of the number of peaks in the pulse,
being the most conservative choice.
The low energy background spectra before and after the
application of filter 3 are shown in Figure 14 for data sets A
and B. Also, the spectra of the events rejected by this filter
are shown. Cerenkov light in the PMT glass produces very
fast pulses with energies up to 20 keVee that are rejected
by this filter. The spectra corresponding to the events re-
jected by this filter for data sets A and B, although sharing
some features, are different, supporting the hypothesis of
their PMT origin. In particular, data set B PMTs present
larger dark current, higher radioactive contamination, and
Cerenkov light emission in the PMT glass is expected to
be produced while PMTs used in data set A are not made
with glass. This could explain the much higher events rate
rejected by filter 3 in that data set.
4. Events faster than NaI(Tl) bulk scintillation. With
(a)
(b)
Figure 12: Distribution of baseline parameter for PMT 0 and PMT 1 data cor-
responding to data sets A (a) and B (b). Cut value applied to reject events
having anomalously estimated baseline is shown in red. Data set A pulses were
digitized with the scope, and data set B with the MATACQ, showing different
typical baseline values.
the purpose of rejecting events clearly faster than typi-
cal NaI(Tl) bulk scintillation pulses, different parameters
have been studied. Among them, so called P1s has shown
to perform well in the discrimination of anomalous fast
events. P1s is defined by the ratio between the addition of
the pulse areas from 100 to 600 ns for the two PMT sig-
nals, and the addition of the areas from pulse onset:
P1s =
Area1(100 − 600ns) + Area2(100 − 600ns)
Area1(0 − 600ns) + Area2(0 − 600ns) (1)
This parameter is expected to be around 0.7 for the NaI(Tl)
scintillation events even though it shows a slight depen-
dence on the energy (see Figure 15 where this parameter
is shown for 57Co calibration data up to 100 keV).
In order to calculate the efficiency of a filter based on this
parameter for the acceptance of bulk scintillation events,
data from 57Co and 109Cd calibrations have been studied
for data set A: mean values and standard deviation of P1s
in different energy windows (1 keV width) have been cal-
culated by fitting to a gaussian function the P1s parameter
distribution. During data set B no 109Cd calibration was
available, but data from 57Co and 133Ba were used instead.
In principle, the values of this parameter should be char-
acteristic of the NaI(Tl) scintillation and do not depend
on the special data set features. However, small differ-
ences have been observed in the P1s values corresponding
to data from data sets A and B that could be attributed,
for instance, to the better resolution of the MATACQ. An
analysis energy threshold of 2 keVee is imposed hereafter
8
(a)
(b)
(c)
Figure 13: Low energy spectra of data set A (a) and B (b) corresponding to
a 57Co calibration and low energy spectrum coincident with the 40K high en-
ergy gamma during a dedicated set-up (c), before (black) and after (blue) the
application of filter 3.
because there are not enough good calibration events be-
low such an energy to allow the definition of an useful
acceptance region.
Two filtering criteria have been applied. In the first one,
an acceptance region of good scintillation events at 97.7%
is defined by selecting events having P1s value larger than
the mean minus 2σ at every energy window. In the sec-
ond one, a constant cut of P1s>0.4 is selected, and the
corresponding efficiency factor calculated in every energy
window, and shown in Figure 16. Figure 17 shows the dis-
tribution of the P1s parameter as a function of the energy
for background data together with the mean P1s value de-
rived from calibration data and the 2 cut values applied for
the filtering, as a function of the energy. A population of
events with faster scintillation constant than the typical of
NaI(Tl) is clearly observed in both data sets.
The goodness of the so calculated efficiencies for this fil-
ter is checked by using the 3.2 keV events coming from
(a)
(b)
Figure 14: Low energy spectra of data set A (a) and B (b) after the application
of filter 2 (black), and after filter 3 (blue) without applying any efficiency factor
correction. Events rejected by filter 3, because the number of photoelectrons is
below 3 in at least one of the two PMT signals, are shown in red.
the internal 40K disintegration, which have been selected
by the coincidence method. It can be observed in Fig-
ure 17.c that these events are not rejected by this filter,
as expected for bulk NaI scintillation events. In the energy
region from 2 to 10 keV, there are 553 events. After ap-
plying the filter with the 97.7% acceptance criterion, 537
events remain that correspond to 550 events after applying
the efficiency correction. When applying the filter with a
constant cut at P1s>0.4, 505 events remain that correspond
to 576 events after applying the efficiency correction, con-
firming that both filtering criteria are not losing good scin-
tillation events down to 2 keVee, and even pointing at an
underestimate of the efficiency for the second criterion.
Figure 18 shows the spectra obtained after applying this
filter with the two different criteria to the background data,
and Figure 19 a zoom into the low energy region. It can
be also observed in Figure 18 the spectra of the events re-
jected by this filter.
From 2 to 3 keVee the first criterion is so conservative that
it almost does not reject events at all. However, when ap-
plying a more effective rejecting criterion, it can be ob-
served that above 3 keVee both criteria result in the same
filtered spectrum. Spectra corrected by the corresponding
efficiencies are shown in more detail in Figure 19. The
mean values and standard deviation of P1s of the non-bulk
NaI(Tl) scintillation low energy events in the background
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(a)
(b)
Figure 15: P1s parameter distribution as a function of the energy for 57Co
calibration data, after the application of the 3 filters explained in the text. Data
in (a) correspond to data set A and in (b) to data set B.
have been calculated by fitting to two gaussian functions
the P1s parameter distribution (bulk and non-bulk NaI(Tl)
scintillation). From this estimation, we can conclude that
rejection of the anomalous events is larger than 99% above
8 keV for both criteria, but it differs near the threshold: in
the 2-3 keV region we estimate rejection of 23% for the
2σ cut, whereas of 89% for the P1s>0.4 cut.
The origin of these rejected events could be related to sur-
face energy depositions in the NaI(Tl) crystal from iso-
topes implanted, for instance, after 222Rn deposition and
decay. In fact, in the case of CsI(Tl) crystals it has been
recently evidenced that 222Rn surface deposition originates
an anomalously fast event population down to very low
energies [75] and it has also been proposed as solution
to similar fast anomalous events populations identified in
old NaI(Tl) dark matter search experiments [69, 76, 77].
Another possibility could be related with scintillation in
quartz windows, for instance, clearly evidenced in the case
of natural quartz [78]. However, it cannot be completely
excluded this effect could also be present with much lower
intensity when using synthetic quartz windows.
Figure 20 shows the spectra of data sets A and B after hav-
ing applied the previously described filters and correcting as
explained before live time and efficiency of every selection pro-
cedure. For filter 4, the most conservative approach has been se-
lected, trying to minimize rejection, and the 2σ cut has been ap-
plied. The 3.2 keV line coming from the 40K decay dominates
the low energy spectrum (from 2 to 6 keV) in both data sets.
From 6 keV up to 30 keV a rate of 2-3 cpd/keV/kg is measured
Figure 16: Efficiency factor derived from calibration data with gamma sources
corresponding to filter 4 for the two different definitions of the acceptance re-
gion: a constant acceptance factor at 97.7% (in black) and a cut in a constant
value of P1s (in red for data set A and in blue for data set B).
with both PMT models, which is on the limit of the ANAIS ex-
periment requirements. Although the PMTs used in both data
sets have very different radiopurity levels [55], differences in
the backgrounds observed up to 45 keV are minimal. This hints
at a very low contribution from PMT contamination in the low
energy range, as our simulations suggested [51]. The difference
in the 2-3 keV region is probably due to non-rejected spurious
events having the origin in the PMTs, because of the different
PMT models were used in both data sets and the filter chosen.
New ultrapure NaI crystals from Alpha Spectra taking data in
the LSC (ANAIS-25 set up) will contribute also to conclude
that radiopurity levels of R6956MOD PMTs could be enough
to reach ANAIS goals in terms of background at very low en-
ergy even without using light guides.
6. Neutron calibration
Neutron interactions are relevant for a dark matter experi-
ment because they produce nuclear recoils of the target con-
stituent nuclei as the WIMPs do. Nuclear recoil events in NaI
are faster than β/γ ones [69, 79, 80, 81], however at low ener-
gies there is only a slight difference in pulse shape and particle
discrimination cannot be done on an event by event basis.
Unfortunately, neutron sources are not easily brought to
an underground facility and ANAIS experiment had only the
chance to do a neutron calibration in 2007 using a 252Cf source.
The neutron emission rate of the 252Cf source was 4×104 n/s. At
that moment, only the PIII was taking data. Because of that, we
have reanalyzed those data in order to obtain information about
nuclear recoils pulse shape and then, the effect of the previously
explained filters on such a population. Figure 21 shows the low
energy spectrum obtained with the 252Cf source. Threshold ef-
fects are observed at energies lower than 10 keVee. Accord-
ing to specific Geant4 simulations, up to 30 keVee most of the
events in the spectrum can be attributed to Na nuclear recoils.
Figure 22.a shows the P1s parameter as a function of the en-
ergy for the 252Cf calibration data, whereas Figure 22.b shows
the distribution of the same parameter for a combination of data
from 109Cd + 57Co (in blue) and 252Cf (in black). The mean
value of the P1s parameter has been analyzed in 1 keV width
windows, as it was done in section 4 for the β/γ events from
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(a)
(b)
(c)
Figure 17: P1s parameter distribution versus energy for events passing all the 3
filters referred in the text corresponding to background data from data sets A (a)
and B (b), as well as for 3.2 keV events coming from the internal 40K disintegra-
tion and selected by the coincidence with the high energy gamma (c). The upper
red line represents the P1s mean value obtained from the calibrations and the
lower red line the cut value chosen for filter 4 in order to have an acceptance
of 97.7% for bulk scintillation in NaI(Tl) events. The blue line represents the
constant cut P1s>0.4.
109Cd and 57Co calibrations. No filtering has been applied to
the 252Cf calibration data and some pulse tails and single pho-
toelectron events are present with P1s ≈ 0, but they only amount
a 0.2% of the total number of events, and they do not affect to
the conclusions derived below. For 109Cd and 57Co calibration
data, filters 1 to 3 have been applied. Corresponding cut values
defining 97.7% bulk scintillation acceptance regions are shown
in red and green, respectively. It can be seen that neutrons are
faster than β/γ particles, but a cut cannot be established to dis-
tinguish them event by event.
Figure 22 shows clearly that nuclear recoil events would be
rejected by the cut on the P1s parameter with an efficiency dif-
ferent than that estimated from beta/gamma calibrations. The
cut value chosen with beta/gamma events (lower limit at 2σ
confidence level) is equivalent to a lower limit at (1.59±0.37)σ
for neutron events, if data from 5 to 30 keV are averaged.
(a)
(b)
Figure 18: Low energy spectra corresponding to data sets A (a) B (b). Events
remaining after filter 3 are shown in black, and after applying filter 4 in blue
(97.7% acceptance cut) and green (P1s>0.4 cut). Events rejected by filter 4 are
also shown in red (2σ cut) and violet (P1s>0.4 cut).
Hence, in the 5 to 30 keVee energy window we should replace
our acceptance efficiency for the selection of events using fil-
ter 4 (see section 5) by the values shown in Table 4 instead of
0.977 in order to conveniently correct for the fraction of nuclear
recoils in the acceptance window.
Table 4: Efficiency correction factor (Eff.) for the selection of events using fil-
ter 4 that should be considered in order to conveniently correct for the fraction
of nuclear recoils in the acceptance window.
Energy region Eff.
5 - 10 keV 0.862
10 - 15 keV 0.942
15 - 20 keV 0.949
20 - 25 keV 0.959
Summary
Low energy events are of utmost interest for the ANAIS ex-
periment because dark matter particles are expected to produce
very small energy depositions in the detector. For this reason,
a very good knowledge of the detector response function for
real scintillation events in the active volume of the detector and
a good understanding and characterization of other anomalous
or noise event populations in that energy region are required.
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(a)
(b)
Figure 19: Very low energy spectra of events remaining after filter 4 in black
(97.7% acceptance cut) and blue (P1s>0.4 cut) corresponding to data sets A
(a) B (b) corrected by the corresponding efficiencies.
Efficiently filtering all the low energy events populations non
attributable to dark matter interactions is one of the main issues
for ANAIS. Among them, events having scintillation time con-
stants other than NaI(Tl) one or events in coincidence with a
signal in the plastic scintillator vetoes should be rejected. Spe-
cific protocols to reject such events have been developed and
applied to data from ANAIS-0 module. We have demonstrated
the ability to reject anomalous or spurious event populations
and to estimate the corresponding efficiencies or live time cor-
rections down to 2 keVee. We have shown how to adapt our fil-
tering procedures to a nuclear recoil population as the expected
for galactic halo WIMPs interacting in our detector. We have
followed a very conservative approach, not maximizing rejec-
tion but acceptance. A 2 keVee energy threshold can be con-
firmed after applying such protocols to ANAIS-0 data, and fur-
ther improvement is expected in next prototypes, by improving
light collection efficiency and increasing the number of refer-
ence events in every energy bin. The background below 6 keVee
is clearly dominated by the 3.2 keV line from 40K and in the re-
gion from 6 to 30 keVee a rate of 2-3 cpd/keV/kg has been ob-
tained without light guides for the two PMT models considered.
The filtering described in this article can be applied with only
slight modifications to ANAIS experiment.
Figure 20: Low energy spectra of data set A (black) and B (blue) after having
applied all the filters described in text corrected by the corresponding efficien-
cies. Main differences are observed above 60 keV and are due to the higher
PMTs background contribution in data set B.
Figure 21: 252Cf neutron source calibration spectrum taken with PIII. Only low
energy (below 150 keVee) is shown.
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